Abstract: Excess thermodynamic functions of D 2 O water have been calculated from the vibrationally decoupled O-D stretching spectra of very dilute solutions of HOD in H 2 O. Comparison of the results with reference calorimetric data for water showed a good correspondence for excess heat capacity above the melting point of ice. The excess enthalpy at the melting point also coincides well with latent heat of melting.
Introduction
The properties of water, including its thermodynamic quantities, are mainly determined by hydrogen (H-) bonds between its molecules [1] . At the same time, the hydrogen bonds determine the tetrahedral structure typical for ice and are partially preserved even in the liquid state. This structure strongly reflects on the O-H stretching vibrational band. Consequently, information about thermodynamic quantities of water should be encoded into the O-H band. That is why several attempts have been undertaken to calculate thermodynamic quantities from parameters obtained from vibrational spectroscopic studies of water [1] . In [2] and [3] were demonstrated the possibility of reconstructing thermodynamic functions of H 2 O water from its decoupled infrared O-H stretching spectra. We have shown in [3] unambiguously that these thermodynamic quantities correspond to the excess ones. The results obtained for excess free energy, enthalpy, and entropy of H 2 O water are in very good agreement with reference data. There is a discrepancy only for the excess specific heat capacity of supercooled water. We attributed this to the insensitivity of the vibrational decoupled spectra to collective density fluctuations in water.
The term excess is used to represent the difference between values of a single quantity of the system if it has two states of aggregation at given thermodynamical conditions. For example, in the temperature range 240 K-270 K, H 2 O water exists either as a supercooled liquid or as ice I h .
In this present work we have calculated the excess free energy, enthalpy, entropy, and specific heat capacity of D 2 O water from Raman decoupled O-D stretching spectra of a very dilute solution of HOD in H 2 O, where the O-D stretching bands of the HOD molecules are relatively simple and featureless, for two reasons. The first one is the difference between the stretching frequencies of the O-D and O-H oscillators in this mixture is large enough to prohibit any resonance interactions between them. The second reason is the lack of Fermi resonance due to the complete separation of the O-D stretching vibration from the HOD bending overtone. [1, [4] [5] [6] Such bands are called decoupled. In accordance with the hypothesis of Zhukovsky, they can be modeled by means of a statistical ensemble of O-D oscillators interacting only through hydrogen bonds mainly of the
The H-bonds possess various local averaged configurations. According to a fluctuation model [7] , a given configuration is defined by the frequency ν of the oscillator and by the corresponding local averaged energy of hydrogen bonding E(ν). The spatial configurations of hydrogen bonds are determined by the distances between neighbor oxygen atoms and the angles between covalent and hydrogen bonds. Different configurations may have the same frequency of the O-D oscillator, and therefore the state degeneracy of the ensemble W (ν) has to be accounted for. The probability density of existence of an O-D oscillator with a frequency ν in this ensemble at temperature T is P (ν, T ). The intensity of the decoupled O-D stretching spectrum is connected directly with P (ν, T ) by the relationship:
where f (ν) is the intensity factor describing the contribution of O-D oscillators with frequency νg to the vibrational spectrum. The function ϕ(ν−ν ′ ) describes the individual, homogeneously broadened line with Lorentzian shape of the O-D.
To find quantitative characteristics of the statistical ensemble of O-D oscillators participating in a continuous set of different local equilibrium configurations, Zhukovsky [8] put forward the important hypothesis that the configurations have a Boltzmann distribution of O-D oscillators, according to their local averaged energy of hydrogen bonds:
where
is the statistical integral or partition function at the corresponding absolute temperature T, and k is the Boltzmann constant.
Since the line width of the individual oscillators perturbed by hydrogen bonds is much smaller than the width of the frequency distribution contour of the probability density P (ν, T ), the function ϕ (ν − ν ′ ) can be replaced with a delta function δ (ν − ν ′ ) in formula (1). Besides, the contribution of O-D oscillators with different frequencies is the same for the Raman spectrum, that is, f (ν) = const [7] . Thus Equation (1) is simplified:
The partition function Z(T ) of the O-D oscillators ensemble can be calculated from equation (3) if we can elucidate the functions E(ν) and W (ν) from the vibrationally decoupled spectra. This can be done in the following way.
If I(ν, T 1 ) and I(ν, T 2 ) are the intensities of the decoupled Raman O−H stretching bands at temperatures T 1 and T 2 then
Taking logarithms of equations (5) and (6), we can derive the following expressions for E(ν) and W (ν).
The first term on the right side in equation (7) determines the frequency behavior of the functions E(ν) expressed by I(ν, T m ) and I(ν, T n ). The second term does not depend on frequency, that is, it determines a certain shift in energy which does not affect the form of E(ν).
The functions E(ν) calculated from every pair of decoupled Raman spectra recorded at different temperatures should coincide, because E(ν) is a temperature invariant [9] . This concerns W (ν) also. In order to increase the calculation accuracy, we have applied the method of linear regression analysis over more than two decoupled stretching spectra at different temperatures simultaneously. In this case E(ν) and W (ν) are calculated using these relationships:
where N is the number of the spectra used. Equations (7) and (8) are a special case for N =2.
The functions E(ν) and W (ν) allow calculation of the Raman stretching spectra not only in the temperature range for the normal liquid state of water, but also the spectra below the melting point and above the boiling point (supercooled and superheated water).
In the first approximation, the statistical integral of the ensemble of O-D oscillators Z Besides, the statistical integral Z(T ) can be calculated and used to determine the Gibbs free energy G(T ), the enthalpy H(T ), the entropy S(T ), and the heat capacity C(T ) of the ensemble of O-D oscillators according to the classical thermodynamic equations:
2 Experimental
Materials
The sample of HOD studied was obtained from 4 % D 2 O (Aldrich, with a purity of 99.8 %) dissolved in 96 % H 2 O (Millipore, triply distilled). As a result of proton transfer and assuming perfect isotopic exchange, we can consider that the solution consists of 92 % H 2 O and 8 % HOD.
Raman spectroscopy
The Raman spectra were recorded in the usual 90
• scattering geometry with a polarization rotator in the exciting laser beam and an analyzer in front of the input slit of the spectrometer. Excitation was with the 488 nm line of an argon ion laser generating output power of 300 mW. The Raman spectra were obtained by using an OSA 500 optical spectrum analyzer (B&M Spectronic) with a spectral range of 2000 cm −1 , which covers the whole O-D stretching band. The slit width was chosen to be equal to the spectral distance between the channels of the multichannel analyzer, viz. 2 cm −1 . Every spectrum is an average of 1000 scans. The experimental spectra were corrected for the channel sensitivity of the spectrometer. The parallel and the perpendicular components of the scattered radiation were used in order to calculate the isotropic spectra.
The temperature was varied within the range 5
• C -84
• C and controlled with an accuracy of ±1
• C. The spectra were recorded at constant atmospheric pressure.
Results and discussions
Note that Zhukovsky's model [8] assumes that the spectra are measured at constant volume, and hence Equations (2)-(10) are written in terms of energy of hydrogen bonds. However, our spectra are taken at constant pressure, and therefore enthalpy of H-bonding h(ν) rather than energy E(ν) is obtained. Consequently, the local enthalpy of H-bonding replaces the local energy of H-bonding in Equations (2)- (10) . The values of the hydrogen bonds enthalpy calculated from Equation (9) are plotted on Figure 1 . A similar curve of h(ν) was obtained by Hare and Sorensen [10] , who in fact have applied the same mathematical treatment of the O-D stretching spectrum, but on the basis of the mixture model of water. Note that we intentionally shifted the original enthalpy curve so that the point of zero enthalpy corresponds to the frequency of its minimum. The choice of the point of zero enthalpy, in fact, defines the reference thermodynamic state as an ensemble of water molecules with a frequency of their O-D oscillators of about 2440 cm −1 , which are equivalent to the oscillators in ice from the spectroscopic point of view. Therefore, we propose that they are equivalent to ice-like oscillators from the thermodynamic point of view as well. Consequently, we describe the thermodynamics of the reference state by the extrapolated thermodynamic quantities of hexagonal ice I h .
We further assume that with this reference state, all quantities calculated through equations (11)- (14) should correspond to "excess" quantities. This assumption was proved for H 2 O water in our previous paper [3] .
The maximum of h(ν) observed at 2650 cm ensemble of O-H oscillators [3] , but the frequency of the maximum is at about 2640 cm −1 , while it is at around 3650 cm −1 for the ensemble of O-H oscillators. The enthalpy h(ν) and state degeneracy functions W (ν) obtained completely determine the state of the ensemble. Hence the computer generation of Raman O-D stretching spectra at different temperatures can be performed using Equation (1) . Figure 3 shows comparison of a set of computer generated Raman spectra and the experimentally obtained ones. They coincide very well, which is a criterion for correctness of the mathematical approach applied.
We now proceed to the calculation of the excess thermodynamic quantities. At first Fig. 3 Comparison of a set of computer-generated Raman spectra (hollow circles) and the experimentally obtained ones (solid lines) The perfect regeneration of the recorded spectra is a criterion for correctness of the mathematical approach applied.
we determine the excess partition function Z exc OD (T ) using Equation (3). We emphasize that the method allows calculation of Z exc OD (T ) at any temperature, and therefore with a random degree of discretization. This feature becomes very important later, when the calculation of the thermodynamical functions of the ensemble requires the first and the second derivatives of Z exc OD (T ). The degree of discretization used in this paper is 0. The thermodynamical functions of excess enthalpy H exc (T ) and excess entropy S exc (T ) calculated by equations (12) and (13) that compares within 20% with reference data of 6.280 kJ mol −1 [11] . The observed difference may indicate that the reference thermodynamic state is not completely equivalent to hexagonal D 2 O ice.
Finally we calculate from Equation (14) the most significant thermodynamical quantity from a physical point of view -the excess heat capacity C exc (T ). For the purpose of evaluating the performance of our model, we need reference data for the excess thermodynamic heat capacity of liquid D 2 O water. They can be calculated from available calorimetric data following a procedure described by [12] . First, the excess specific heat capacity C exc (T ) is calculated as a difference between the specific heat capacity C liquid (T ) of water and the specific heat capacity C ice (T ) of ice. Since D 2 O ice becomes an unstable water phase above the melting point temperature, there are no experimental data for its heat capacity above 276 K. Hence we extrapolate the known values [11] of the specific heat capacity C ice (T ) below 276 K toward higher temperatures via a linear fit of the data, using Equation (16)
where Comparison of the result for the specific heat capacity calculated from reference calorimetric data [11] is shown in Figure 8 .
As we discussed in detail in our previous paper [3] , there are two main reasons for the observed discrepancy with reference data. The first one is that we calculate the enthalpy h(ν) of ensemble of vibrationallly decoupled O-D oscillators of HOD and H 2 O mixture. The second reason might be the incomplete description of the thermodynamic properties of our reference thermodynamic state, which is unlikely to be perfectly described as hexagonal ice.
Conclusions
The partition function of the statistical ensemble of O-D oscillators was constructed on the basis of the vibrationally decoupled Raman O-D stretching spectra, assuming perfect isotopic exchange in mixture of HOD in H 2 O and temperature independence of the enthalpy h(ν) and state degeneracy W (ν) of the oscillators. The statistical integral is used to calculate the excess free energy, enthalpy, entropy, and heat capacity of D 2 O water in the temperature range 250-375 K. The calculated excess enthalpy at 276 K coincides well with the value of the latent heat of melting. There is also a good agreement between our calculation and calorimetric data for the excess heat capacity of water above the melting point. There is no data for heat capacity behavior of supercooled water as far as we know. An eventual discrepancy for the supercooled water, if its heat capacity behavior is anomalous, as in the case of H 2 O water, can be attributed to the inadequacy of the vibrationally decoupled spectra to describe collective structures in water and their dynamic fluctuations.
